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KMPR  is  an epoxy-based  photoresist,  similar  to  SU-8,  featuring  shorter  processing  times and  supe-
rior  resistance  to ﬁssuring.  As such,  KMPR  is a material  well-suited  to  microﬂuidic  device  fabrication
in  miniaturized  biomedical  instrumentation.  However,  like  SU-8,  KMPR  requires  surface  treatment  for
hemocompatibility.  In  this  work,  we  demonstrate  that  KMPR  can be efﬁciently  passivated  with  bovine
serum  albumin  (BSA),  improving  hemocompatibility  of  the  material  surfaces.  Experimental  validation
was conducted  using  ﬁbrinogen  adsorption  as  a hemocompatibility  model.  Protein  adsorption  to  KMPR
surfaces  was  measured  using  metal-clad  waveguides  (MCWG)  with  a  KMPR  ﬁlm  acting  as  the  waveguide
core layer.  Passivation  efﬁciency  was  compared  both  on  natively  hydrophobic  KMPR  and  on hydrophilicetal-clad waveguide (MCWG)
emocompatibility
ibrinogen
KMPR  treated  with  HNO3 catalyzed  with  ceric  ammonium  nitrate  (CAN).  Results  show  that  the sur-
face  treatment  signiﬁcantly  increases  hemocompatibility  for  both  hydrophilic  and  hydrophobic  surfaces,
with  slightly  better  results  in the case  of hydrophobic  surfaces.  Post-treatment  ultrasound  wash  had  no
observable effect,  demonstrating  that  BSA  adsorption  to  KMPR  is robust.  MCWG-based  protein  adhe-
sion measurements  were  compared  to that  from  conventional  surface  plasmon  resonance  (SPR)  and
long-range  surface  plasmon  resonance  (LR-SPR),  conﬁrming  the  validity  of  the  measurements.
© 2012 Elsevier B.V. Open access under CC BY-NC-ND license. . Introduction
Polymer-based biomedical microdevices have received a grow-
ng interest in the past few years. Among the available fabrication
echnologies, photopatternable polymers are an interesting avenue
ecause of their compatibility with current microelectronic indus-
ry standards. In particular, SU-8 (Microchem Corp., USA), an
poxy-based photoresist, is a popular choice because of its high
hemical inertness as well as its ability to be processed over a wide
ange of thicknesses [1]. SU-8 microchannels have been integrated
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Open access under CC BY-NC-ND license. over electronics for CMOS compatible labs-on-a-chip [2].  However,
internal stresses generated during the patterning process tend to
produce ﬁssuring [3] that can be highly problematic for microﬂu-
idics. Very precisely controlled temperature ramps are required
during the soft and post-exposure bakes to minimize this stress,
lengthening the overall processing time. Though SU-8 is considered
to be biocompatible in terms of cytotoxicity and tissue inﬂamma-
tory response [4,5], its hemocompatibility is inferior to that of SiO2,
parylene and polyurethane [6].
Microchem recently introduced KMPR, also an epoxy-based
photoresist, that is less prone to internal stress and has superior
resistance to ﬁssuring [7] compared to SU-8. KMPR also has better
moisture resistance [8] which is highly beneﬁcial for microﬂuidic
applications. To date, KMPR has mainly been used for electroplat-
ing moulds [9,10].  Our group recently introduced a microdevice for
preclinical pharmacokinetic studies applied to molecular imaging
with positron emission tomography [11] incorporating microﬂu-
idic channels fabricated using KMPR. These studies involve whole
blood from animal models ﬂowing through the KMPR microﬂuidic
channels. The purpose of the work presented here is to compara-
tively assess the hemocompatibility of KMPR surfaces passivated
448 L. Convert et al. / Sensors and Actuators B 173 (2012) 447– 454
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zig. 1. (A) MCWG,  SPR and LR-SPR substrate structures; (B) modeled angular scan
edia  with different RI and (2) constant bulk medium with the addition of a thin adl
ensing  medium change at t = 6 min).
ith bovine serum albumin (BSA) relative to bare KMPR as a struc-
ural material for microchannels, in applications involving whole
lood or blood products.
Hemocompatibility refers to the ability of a material to be
ompatible with blood, mainly to avoid blood coagulation. The
oagulation process starts with the adsorption of plasma proteins
uch as ﬁbrinogen and von Willebrand factor onto the material
urface, followed by platelet adhesion and activation. Activated
latelets then release blood coagulation factors, resulting in throm-
us formation [12]. Complete hemocompatibility characterization
s fairly complex as it requires blood plasma protein adhesion tests,
oagulation factor activation detection, as well as platelet adhesion
nd activation assessment [13]. Alternatively, ﬁbrinogen adsorp-
ion, a simple and reliable measure of platelet adhesion [14], is
enerally accepted in itself as a good indicator of material hemo-
ompatibility. Therefore, ﬁbrinogen adsorption at physiological
oncentrations was used in the present study to assess hemocom-
atibility for bare and BSA-passivated KMPR surfaces.
Protein adsorption on surfaces is usually quantiﬁed by ﬂu-
rescence assay, surface plasmon resonance (SPR), or quartz
icrobalance (QCM). SPR and QCM have the usual advantages of
abel free methods, but are normally limited to the study of very thin
lms (typically less than 20 nm). As with most spin-coated resists,
t is difﬁcult to fabricate KMPR ﬁlms with thicknesses under a few
undred nanometers. Therefore, standard SPR and QCM cannot be
eadily used to assess the hemocompatibility of KMPR ﬁlm surfaces.
hick polymers ﬁlms are typically characterized with methods such
s QCM with energy dissipation monitoring (QCM-D) [15,16], Love-
ode surface acoustic wave sensing [17], interferometry [18] or
ntegrated optical waveguides (IOW) [19].
In our work, we chose to use metal-clad waveguides (MCWG)
or KMPR ﬁlm surface characterization because: (1) MCWG-based
easurements are very sensitive, (2) MCWG  implicitly involvehick dielectric ﬁlms as the waveguiding core layer, and (3) MCWG
an be used with a standard SPR laboratory measurement bench.
hough the MCWG  were used in this work purely as a characteri-
ation method rather than as a permanent subsystem in our blood the MCWG  substrate for two cases yielding identical results: (1) two bulk liquid
n the surface; (C) corresponding reﬂectance monitoring over time at 62.4◦ (aqueous
analysis microdevice [11], this technology is easily incorporated
into lab-on-a-chip devices as a permanent component if required.
Polyethylene glycol (PEG) monolayers are widely used to
increase material biocompatibility [20], including for SU-8
[16,21,22]. PEG monolayers can be covalently bonded to surfaces
but can be relatively expensive when large surface area coverage
is required. In contrast, BSA is an inexpensive and efﬁcient block-
ing agent [23] that adsorbs to most surfaces forming a monolayer
that can be used to increase biocompatibility. For example, Kamath
and Park [24] have shown that BSA increases hemocompatibility
for polypropylene, polycarbonate, and polyvinylchloride. BSA pas-
sivation has been used on SU-8 to block non-speciﬁc adsorption
after antibody or DNA probe binding [25,26], to reduce DNA adsorp-
tion on polymerase chain reaction (PCR) chips [27] and to increase
bacterial mobility [28]. BSA adsorption and blocking efﬁciency dif-
fer across materials of course, notably between hydrophilic and
hydrophobic surfaces [15,29–31].
In the present study, hemocompatibility was  measured on bare
and BSA-passivated KMPR surfaces by ﬁbrinogen adsorption using
a MCWG  sensing substrate, for both natively hydrophobic and
hydrophilic-treated KMPR. Robustness of the BSA passivation to
ultrasound wash was assessed for both surface types. To vali-
date the MCWG  data, results were compared with measurements
obtained with standard surface plasmon resonance (SPR) and long-
range surface plasmon resonance (LR-SPR) substrates on the same
measurement apparatus.
2. Materials and methods
2.1. Protein adsorption measurement apparatus
2.1.1. Metal-clad waveguides (MCWG)
MCWG  are asymmetric planar optical waveguides with a thickhigh refractive index dielectric core, a lower refractive index dielec-
tric cladding on the top side (the ﬂuid sensing medium) and a metal
thin-ﬁlm Au–Cr cladding on the bottom (Fig. 1A, left). In our case,
the waveguide core layer is a thick KMPR ﬁlm. The three-layer
L. Convert et al. / Sensors and Actuators B 173 (2012) 447– 454 449
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Table 1
KMPR ﬁlm fabrication parameters used for MCWG  fabrication. Resulting thicknesses
are  measured by ellipsometry (Fixed RI, see Table 2). The optimum ﬁlm fabrication
parameters selected for this study are indicated in bold and italic.
KMPR dilution
(% weight)
Spin speed
(rpm)
Exposure
time (s)
Thickness
(nm)
25 3400 25 302
25  3000 25 314
25  2600 25 328
25  2200 25 353
40 2800 30 696
40 2000 30 795ig. 2. Schematic representation of the SPR system (Kreschmann conﬁguration)
sed for BSA and ﬁbrinogen adsorption measurements. Supports and motorized
ngle adjustments not shown. Micropipette and sample size not to scale.
aveguide is fabricated on a base material that is transparent over
he optical bandwidth of interest, typically a glass substrate (e.g.,
K7). Note that MCWG  and SPR are closely related: the structure
f a standard SPR construct (metal thin-ﬁlm on a glass substrate) is
n fact a special case of MCWG  with a core thickness of zero, where
he surface plasmons act as the waveguide core [32].
As with SPR, adsorption sensing with MCWG  can be achieved in a
rism-based Kretschmann conﬁguration (Fig. 2). Collimated light at
35 nm is injected at a controlled angle of incidence via the prism.
t angles of incidence that fulﬁll the phase-matching conditions,
ncident light is coupled to surface plasmons in SPR sensors [32]
r to guided modes in MCWG  sensors [33]. Under such conditions,
he reﬂected light intensity drops, leading to a dip in the angular
can sensorgrams (Fig. 1B). Since the effective refractive index of
he guided modes is very sensitive to changes in the index of the
ensing medium (upper cladding), the incidence angle that satisﬁes
he phase-matching conditions is in turn very sensitive to both bulk
uid and surface refractive index (RI) changes, the latter being due
o adsorption of biomolecules to the surface.
First introduced in the 1970s [33], MCWG  have gained recent
nterest for cellular studies [34] or lipid-bilayer ﬁlm structure and
roperty characterization [35] due to their ability to sustain guided
odes in both polarizations and the possibility to get modes with
eeper penetration depth compared to SPR. Moreover, compared
ith so-called “long range” surface plasmon resonance (LR-SPR)
ensors, MCWGs  have similar penetration depth but are much
asier to fabricate. Indeed, LR-SPR substrates require a dielectric
ayer under the metallic ﬁlm having a refractive index close to
hat of the sensing medium (generally water), such as Teﬂon or
ytop, to create symmetric resonant surface plasmons between the
wo metal/dielectric interfaces (Fig. 1A, right). Multi-layer LR-SPR
tructures involving ﬁlms made from Teﬂon or Cytop are difﬁ-
ult to fabricate and easily delaminate under common microﬂuidic
iosensing conditions.
For ﬁxed-wavelength systems, MCWG  or SPR sensor output is
ither: (1) the difference in the angle of the reﬂectance minimum
etermined from angular scans at the start- and end-points of
n experiment (Fig. 1B), or (2) real-time reﬂectance changes over
ime measured at a ﬁxed angle during kinetics (Fig. 1C). Compared
ith SPR, MCWG  angular scans typically exhibit a much sharper40 1000 30 1085
40  500 30 1148
response, with smaller shifts in the minimum angle in response
to refractive index changes. As a result, making precise measure-
ments of angular shifts in the reﬂectance minimum is difﬁcult in
practice. Indeed, MCWG  are better suited to kinetics measurements
and have very high sensitivity in this type of experiment. As with
best practices in SPR, normalized reﬂectance in our experiments
was calculated as the ratio of the two measurements at orthogo-
nal linear polarizations, after having subtracted out dark current
values.
2.1.2. Substrate fabrication and measurement protocol
SPR sensing substrates were fabricated as follows: BK7
75 mm ×25 mm glass slides (1 mm thick, Fisherﬁnest Premium
Plain Glass Microscope Slides, Fisher Scientiﬁc, USA) were cleaned
(Alconox then 15 min  in piranha solution) followed by metal depo-
sition on the top surface by e-beam evaporation (gold atop a 3 nm
ﬁlm of Cr to promote adhesion in AUTO 306, BOC Edwards, Canada).
At an excitation wavelength of 635 nm,  the optimal thickness of
gold ﬁlms to maximize sensitivity is 48 nm [32].
MCWG  sensing substrates were fabricated by adding a KMPR
ﬁlm atop the standard SPR structure described above. Importantly,
these KMPR ﬁlms were fabricated with the same process used
to fabricate the KMPR microﬂuidic structures. The SPR structures
were ﬁrst protected with S1813 resin (Shipley Company, USA) and
cleaved in smaller 15 mm × 25 mm samples to maximize KMPR
ﬁlm spin-coating uniformity. Samples were washed in solvent with
ultrasound (5 min  acetone, 5 min  IPA), rinsed in DI-water, dried
with nitrogen and further cleaned in plasma O2 100 W for 2 min.
After dehydration (30 min, 125 ◦C, oven), samples were coated with
MCC  Primer 80/20 (Microchem Corp., USA) to ensure reliably repet-
itive surface properties. KMPR 1005 (Microchem Corp., USA) was
then diluted in SU-8 2000 Thinner (Microchem Corp., USA) and
spin-coated over the gold layer. Samples were soft-baked (2 min,
100 ◦C, hot plate), exposed (broad ban aligner with i-line high pass
ﬁlter), post-baked (2 min, 100 ◦C, hot plate), and hard-baked (3 h,
180 ◦C, oven). The KMPR dilution, spin-coating speed and exposure
time used for each thickness are shown in Table 1. Film thick-
nesses were measured by ellipsometry assuming a constant known
RI (Table 2).
LR-SPR sensing substrates were fabricated from glass slides
cleaned with the protocol described above for SPR, followed by
silanization with 2% perﬂuorodecyl trichlorosilane (Gelest Inc.,
USA) in Opticlear (National Diagnostics, USA) for 5 min  under nitro-
gen atmosphere. Samples were then rinsed with IPA and dried with
nitrogen. The substrate were baked (20 min, 125 ◦C, hot plate) fol-
lowed by Teﬂon AF1600 (Dupont Canada) spin-coating at 1700 rpm.
Substrates were then left to dry for 1 h and baked under nitrogen
◦(1 h, 160 C, oven). A 25 nm layer of gold was  ﬁnally evaporated at
150 ◦C to ensure good adhesion over the Teﬂon [36].
All substrates were characterized for protein adsorption (BSA
or ﬁbrinogen) using a custom built Kretschmann conﬁguration SPR
450 L. Convert et al. / Sensors and Actu
Table 2
Simulation parameters used for MCWG,  SPR and LR-SPR structures: standard val-
ues,  measurement by ellipsometry (635 nm)  (*) or measurement by refractometry
(589 nm assuming negligible dispersion for the ﬂuids) (**).
Material n k Thickness (nm)
BK7 (Sellmeier) 1.5150 0.000 Inﬁnite
Chromium [38] 3.5771 4.363 3 (SPR/MCWG)
Gold [39] 0.1594 3.231 48 (SPR/MCWG)
25 (LR-SPR)
KMPR* 1.5780 0.001 0–1300 (MCWG)
Teﬂon* 1.3070 0.000 820 (LR-SPR)
Omnicoat* 1.4900 0.000 13
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mAdlayer (BSA) [40] 1.5000 0.000 2
DI-Water** 1.3330 0.000 Inﬁnite
PBS** 1.3347 0.000 Inﬁnite
ystem [37] based on a 635 nm laser diode. Substrates were placed
n a BK7 coupling prism (Melles Griot, USA) using refractive index
atching ﬂuid (Cargille Laboratories, USA). A microﬂuidic Teﬂon
ell was placed over the substrates to enclose the liquid sensing
edium (Fig. 2). The measurement area covered approximately a
 mm diameter area in the middle of the substrates. Fluids were
ispensed with a micropipette and scans were performed in static
uid conditions (no ﬂow). Protein in solution in PBS (PBS 1×, pH
.4, Wisent, Canada) was prepared on the day of each experiment.
ngular scans (60–66◦ for MCWG  and LR-SPR, 60–76◦ for SPR) were
cquired for DI-water (bulk standard reference) then PBS (bulk
uffer reference). Prior to starting each new kinetics measurement
xperiments, the illumination angle was adjusted to yield a chosen
onsistent value of reﬂectance (0.3) across experiments for the PBS
uffer alone. After a 5 min  stabilization period, the ﬂuid chamber
as emptied with a micropipette followed by injection of 200 l of
rotein solution. After 20 min, the chamber was ﬂushed with PBS.
.1.3. Optimization of MCWG  sensitivity
Surface and bulk measurement sensitivities, Ss (nm−1) and SB
RIU−1, inverse refractive index units), are deﬁned here respectively
s:
s = R
had
(1)
B =
R
n
(2)
here R  is the normalized reﬂectance change, had is the adlayer
hickness change (due to addition of BSA in the experiments) and
n  is the bulk refractive index change. Note that, strictly speaking,
nstrument bulk and surface sensitivity are deﬁned as the maxima
f the above expressions, across all possible incidence angles of illu-
ination. Since the measurements reported below were obtained
t a ﬁxed angle of illumination, as is the case normally with kinet-
cs measurements, the above deﬁnitions of sensitivity are used
hroughout to simplify the notation.
The MCWG  substrates were optimized for surface sensitivity by
odeling the angular response of the waveguides using the Fres-
el equations, with KMPR core ﬁlm thicknesses ranging from 0 to
300 nm (25 nm increments). Optical parameters (refractive index
 and absorption coefﬁcient k at 635 nm)  used in the simulations
Table 2) were obtained from the literature (chromium [38], gold
39]), experimentally measured by ellipsometry (KMPR, assuming
 known thickness), or modeled (BK7 glass using the Sellmeier
quation).
Bulk sensitivity estimates were based on the difference in refrac-
ive index between PBS and DI-water measured by refractometry
n = 1.7 × 10−3 RIU). For surface sensitivity estimates, an adlayer
hickness of had = 2 nm was adopted in accordance with ellip-
ometry measurements of BSA ﬁlms (2.3 nm ± 0.5 nm)  and with
easurements found in literature for BSA ﬁlms on polystyrene andators B 173 (2012) 447– 454
GeOH substrates at the same protein concentration [30]. The refrac-
tive index of the BSA ﬁlm was  obtained from the literature [40].
Experimental measurements of bulk and surface sensitivities for
the MCWG  substrates were compared to modeling results by mon-
itoring (1) the reﬂectance change between PBS and DI-water, (2)
BSA adsorption kinetics (lyophilized powder ≥ 96%, Sigma Aldrich,
USA), 10 mg  ml−1, across a range of KMPR ﬁlm thicknesses (302,
314, 328, 353, 696, 795, 1085 and 1148 nm).
2.1.4. MCWG measurement validation
MCWG  measurements were compared to modeling and experi-
mental measurements obtained from standard SPR and LR-SPR. As
with the MCWG,  the SPR and LR-SPR substrates illustrated in Fig. 1A
were modeled using the Fresnel equations to compute surface and
bulk sensitivities (materials parameters in Table 2). In order for all
three substrates to present the same properties for surface chem-
istry, a thin layer of Omnicoat (Microchem Corp., USA) was added
as a ﬁnal layer to each structure. The Omnicoat was spin-coated at
3000 rpm and baked (2 min, 200 ◦C, hot plate) and the thickness of
the ﬁlms (13 nm)  was  veriﬁed using ellipsometry. The effect of this
protective layer on measurements will be discussed below.
2.2. KMPR hydrophobicity modiﬁcation and surface
characterisation
2.2.1. Surface treatment
KMPR is natively hydrophobic. To render it hydrophilic, the
epoxy rings were opened using HNO3 catalyzed with ceric ammo-
nium nitrate (CAN) [41]. Such a procedure is also used to render
SU-8 hydrophilic [42,43]. To assess the optimum surface treatment
duration, KMPR-covered substrates were immersed in a CAN-HNO3
solution (0.2 M and 2 M respectively) for 30 min, 1 h, 2 h and 3 h,
followed by a 5 min  rinse in DI-water with ultrasound.
KMPR hydrophilicity was measured using a custom-built
contact-angle measurement station (uncontrolled humidity envi-
ronment), where 2 l droplets of DI-water were delivered using a
calibrated dispenser with Teﬂon nozzle and digital images of the
droplet taken in orthogonal view within 2 s of droplet delivery. For
each of the four CAN-HNO3 treatment trial durations, two KMPR-
covered sample substrates were each tested at three distinct sites,
leading to 12 angle measurements per trial duration. KMPR ﬁlm
thickness was measured by ellipsometry before and after treatment
to ensure there were no signiﬁcant layer thickness modiﬁcations.
AFM measurements (Nanoscope IIIa, Veeco, USA) were performed
on 1 m2 regions using an arrow-NC-20 tip (NanoWorld Innova-
tive Technologies, Switzerland) in tapping mode for each substrate
sample to assess root mean square (rms) roughness.
2.2.2. Surface passivation
Hydrophobic and hydrophilic samples were passivated with BSA
10 mg mL−1 in PBS for 2 h to ensure maximum blocking efﬁciency
[29], followed by a 5 min rinse in PBS, a 5 min  rinse in DI-water,
and dried with nitrogen. To verify the mechanical stability of the
BSA layer, six hydrophobic and six hydrophilic-passivated samples
were placed for 5 min  in DI-water with ultrasound and dried with
nitrogen prior to the ﬁbrinogen absorption measurement experi-
ment.
2.2.3. Fibrinogen adsorption
Human plasma ﬁbrinogen (PBS, EMD  Millipore, USA) adsorption
kinetics was measured at a concentration of 1 mg ml−1, a value in
the range found in normal blood plasma. Fibrinogen adsorption
was measured on bare and BSA-passivated KMPR ﬁlms for both
hydrophobic and hydrophilic KMPR surfaces (n = 6 per condition).
Protein adsorption measurements are expressed in terms of sur-
face coverage,  (pg mm−2). When the protein adlayer thickness,
L. Convert et al. / Sensors and Actuators B 173 (2012) 447– 454 451
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substrate types are in the same range, with the exception of the
lower bulk sensitivity of the standard SPR structures, as expected.
Measured and modeled results are in good agreement (considering
the uncertainty in the adlayer physical characteristics), withig. 3. Modeled and experimentally measured surface (A) and bulk (B) sensitivities fo
o  Eqs. (1) and (2)).
, is much smaller than the penetration depth of the evanescent
eld into the sensing medium, Lpd, that is (h  Lpd), protein surface
overage is expressed as a function of the bulk sensitivity, SB [44]:
 =
(
R
2SB
)
·
(
Lpd
(dn/dc)vol
)
(3)
here R  is the normalized reﬂectance change and (dn/dc)vol
mm3 pg−1) is the rate of change of refractive index with bulk pro-
ein concentration.
. Results and discussion
.1. Protein adsorption measurement apparatus
.1.1. Optimization of MCWG  sensitivity
Fig. 3A shows the estimated surface sensitivity based on the
odeling results (Fresnel equations) for the highest-order (and
ost sensitive) guided mode in MCWGs  of increasing KMPR core
hickness. The sawtooth aspect of the curve as a function of increas-
ng thickness is due to: (1) monotonic sensitivity decrease due to
he increasing coupling angle for a particular highest-order mode;
2) discontinuous positive increases with the appearance of each
ew higher order mode supported by a thicker core layer. Bulk sen-
itivity estimates showed a similar behaviour (Fig. 3B). A minimum
MPR core thickness of 300 nm was required for the structure to
ct as a (single mode) waveguide. Note that sensitivity is highest
or the thinnest core layer because the path travelled by the light in
he KMPR ﬁlm (k /= 0) is shortest, thereby minimizing absorption
osses. Note also that for guided modes having a coupling angle very
lose to the critical angle, the evanescent ﬁeld depth is nearly inﬁ-
ite, so that surface-speciﬁc sensitivity is very low in these cases.
A 330 nm thick KMPR core layer, yielding a single-mode waveg-
ide with a coupling angle close to but not directly equal to
he critical angle (taking fabrication tolerances into account), was
herefore selected to maximize the sensitivity of the MCWG  mea-
urements. After the ﬁnal hard bake, KMPR ﬁlm thickness averaged
ver samples fabricated for protein adsorption measurements was
36 ± 3 nm,  therefore very close to the intended speciﬁcations.
ote that all samples were fabricated from the same diluted KMPR
olution. Uncertainty on the KMPR dilution could lead to a slightly
ifferent thickness for a different solution with the same fabrica-
ion parameters (328 nm,  Table 1). Speciﬁc modeling results for
MPR ﬁlm thicknesses of 336 ± 3 nm predict a coupling angle in
I-water of 63.2 ± 0.1◦, a penetration depth of Lpd = 451 ± 20 nm,  a
ulk sensitivity of SB = 108 ± 7 RIU−1, and a surface sensitivity of
S = 6.3 ± 0.1 × 10−2 nm−1.
Sensitivity measurements clearly show the sawtooth behavior
redicted by the numerical modeling (Fig. 3), which is consistent
ith work reported elsewhere for other waveguide core materialsG  substrates, as a function of increasing KMPR ﬁlm thickness (calculated according
[45]. As seen in the Figure, sensitivity measurements appear later-
ally shifted compared to the modeling results for ﬁlm thicknesses
over 600 nm,  due to the increasing uncertainty in core layer thick-
ness measurements with ellipsometry. The difference in height
between the measured and modeled results is due to the uncer-
tainty in the adlayer physical characteristics. However, the key
result in Fig. 3 is the validation of the optimal core layer thickness
(330 nm), where experimental and modeling results agree closely.
3.1.2. MCWG measurement validation
Normalized reﬂectance measurements from angular scans for
all three structures (MCWG, SPR, LR-SPR) are shown in Fig. 4. As
intended, the MCWG  response minimum is close to the critical
angle (arcsin(nﬂuid/nsubstrate) = 61.63◦). Also as expected, the MCWG
exhibit a peak in reﬂectance, used in itself as a basis for biosensing
[35]. The LR-SPR response is centered at the same coupling angle as
the MCWG,  with a slightly narrower resonance due to lower losses
in the very thin metal ﬁlm (25 nm)  compared to the KMPR core
layer. The standard SPR substrate response is centered at a higher
coupling angle with a much broader response owing to the highest
losses of the three substrates. These experimental measurements
are in close agreement with the modeled results (not shown) except
for slight angular offsets between measured and modeled curves
due to uncertainties in the material property values used in the
models. The sensitivities in all three cases are largely unaffected,
however.
Fig. 5 shows the bulk and surface sensitivities calculated from
modeled and experimentally measured data, according to Eqs.
(1) and (2).  These results show that the sensitivities for all threeFig. 4. Normalized reﬂectance measurements from angular scans with MCWG,  SPR
and LR-SPR substrates.
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without BSA passivation, is roughly identical (Fig. 8A). Therefore,
the ﬁrst plateau in Fig. 7 is mainly a result of protein deposition
on the surface, rather than a bulk change in refractive index. Thisig. 5. Modeled and experimentally measured surface (A) and bulk (B) sensitivities
qs.  (1) and (2), respectively (n = 4, error bar = standard deviation).
he exception of LR-SPR. This mismatch is most likely due to
ifferences between the model and actual optical properties of
he metal ﬁlm. In particular, a gold layer deposited on a Teﬂon
lm will have optical parameters that differ signiﬁcantly from a
imilar gold deposition on a glass substrate and will, in addition,
e difﬁcult to measure accurately.
Note that the deﬁnition of sensitivity is not consistent across
he MCWG/SPR literature, so that care must be exercised when
omparing results with other works. For example, MCWG  sensors
re sometimes presented as much less sensitive than SPR sensors
hen sensitivity is deﬁned in terms of coupling angle shift esti-
ates [46,47]. As explained above, however, MCWG  sensors are
est used to track kinetics at a ﬁxed angle of incidence. In a similar
ase, when coupling angle shift is normalized by the dip full width
t half maximum (FWHM), the sensitivity of MCWG  sensors is in
he same order or better than SPR [45], as conﬁrmed by our own
ork.
Note ﬁnally that the Omnicoat layer, though it offers a uni-
orm surface chemistry across substrate types and is very simple
o deposit (compared to SiO2 for example), also affects surface sen-
itivity slightly differently for each substrate type (11% simulated
oss for SPR and LR-SPR structures compared to 4% for MCWG).
owever, numerical simulations of the three structure types with-
ut the Omnicoat ﬁlm show the same trend as the simulation with
he Omnicoat ﬁlm (Fig. 5). Globally, these results validate the per-
ormance of the MCWG-based substrates used in our experiments,
oth for bulk and surface measurements.
.2. KMPR hydrophobicity modiﬁcation and surface
haracterization
.2.1. Surface treatment
Ellipsometry measurements showed no signiﬁcant thickness
ifference of the KMPR ﬁlms following the four CAN-HNO3 treat-
ent trial durations. Fig. 6 shows that the KMPR contact angle
ecreases from 73◦ (hydrophobic) down to 35◦ (hydrophilic) after
 2 h treatment, with no signiﬁcant further decrease. Surface
ms  roughness started to increase after 2 h in CAN-HNO3 and
ncreased signiﬁcantly thereafter. The optimum treatment dura-
ion was therefore set at 2 h, resulting in a contact angle roughly
ivided by two (73◦ to 35◦) and surface roughness roughly multi-
lied by two (0.3 nm rms  to 0.67 nm rms) when compared to bare
MPR. In comparison, Stangegaard et al. observed that the SU-8
ontact angle decreases from 95◦ to 45◦ after CAN-HNO3 treatment
1 h at 50 ◦C for 1 M HNO3 and 0.1 M CAN) [43]..2.2. Fibrinogen adsorption
Fig. 7 shows measurement results of ﬁbrinogen adsorp-
ion kinetics on bare and BSA-passivated KMPR ﬁlms, for both
ydrophobic and hydrophilic surfaces, as measured with theFig. 6. Surface rms roughness measured by AFM and contact angle for increas-
ing  CAN-HNO3 treatment durations on bare KMPR surfaces (error bar = standard
deviation).
MCWG  substrates. At the start of the experiment (time = 0), there is a
signiﬁcant increase in reﬂectance when the PBS solution is replaced
by the ﬁbrinogen solution, followed by a plateau when protein
adsorption has saturated. The protein solution is then ﬂushed and
replaced by PBS (time = 20 min), leading to the second reﬂectance
plateau.
Importantly, replacement of the PBS solution by the ﬁbrinogen
solution (1 mg  mL−1, dn/dc = 0.18 mL  g−1 [48]) will lead to a change
in bulk refractive index of 1.8 × 10−4 RIU corresponding to an esti-
mated reﬂectance change of 0.02, lower than the change measured
for passivated and unpassivated samples (0.03 and 0.3). Note also
that the bulk sensitivity of the MCWG  substrates, both with andFig. 7. Fibrinogen adsorption kinetics on bare and BSA-passivated KMPR ﬁlms, for
both hydrophobic and hydrophilic surfaces. Fibrinogen injection at t = 0, PBS rinse
after 20 min.
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[ig. 8. Comparison of bulk sensitivity and BSA passivation efﬁciency measurement
amples washed in ultrasound before the ﬁbrinogen experiment (n = 6, error bar = st
brinogen solution injection, conﬁrming that all substrates have similar bulk sensit
nterpretation of the results is conﬁrmed by the insigniﬁcant
hanges in reﬂectance following the PBS wash in all cases. Hence,
he results conﬁrm that BSA-passivated KMPR surfaces show
 signiﬁcant resistance to ﬁbrinogen adsorption. These results
re consistent with the increased hemocompatibility of BSA-
assivated surfaces observed by Kamath and Park [24].
Using the values for Lpd and SB speciﬁed above with a value of
dn/dc)vol = 0.18 ml  g−1 [48] in Eq. (3),  the ﬁbrinogen surface cov-
rage is  = R  × 1.16 × 104. Native (hydrophobic) BSA-passivated
MPR showed a slightly lower ﬁbrinogen adsorption compared
o hydrophilic passivated KMPR (Fig. 8B). This result is in accor-
ance with the better blocking efﬁciency measured by other groups
or hydrophobic BSA-passivated polystyrene surfaces compared to
ydrophilic GeOH ones for ConA and IgG proteins [29]. This ten-
ency is however not to be taken to a generality as the blocking
fﬁciency is highly dependent on the native surface composition
nd on the protein to be blocked.
Despite the better blocking efﬁciency of native BSA-passivated
MPR compared to hydrophilic passivated KMPR after PBS ﬂush
second plateau height), the kinetic measurements presented in
ig. 7 also showed faster ﬁbrinogen deposition on the hydrophobic
urface than on the hydrophilic one for both BSA-passivated KMPR
lms and bare ones (speed to reach the ﬁrst plateau). This behaviour
ill require further investigation to be fully explained but might
e partly due to difference in BSA conformation on hydrophobic
nd hydrophilic surfaces [30] as well as cerium residues on the
AN-HNO3 surface [49].
Finally, the ultrasound wash had no observable effect (Fig. 8B),
ndicating that BSA is strongly adsorbed to both hydrophilic and
ydrophobic surfaces.
. Conclusions
MCWG  substrates were used to characterise the hemocompat-
bility of bare and BSA-passivated KMPR surfaces by ﬁbrinogen
dsorption. MCWGs  with a KMPR core layer thickness of 330 nm
howed surface and bulk sensitivities comparable to conven-
ional SPR and LR-SPR sensors, validating the proposed structure
or the adsorption measurements. KMPR surfaces, both natively
ydrophobic and hydrophilic, were compared. Optimal parame-
ers for the hydrophilic surface treatment (2 h in CAN-HNO3 0.2 M
nd 2 M respectively) resulted in a surface contact angle decrease
rom 73◦ to 35◦ and a surface roughness of less than 1 nm rms.
or both hydrophilic and hydrophobic KMPR surfaces, BSA passi-
ation was shown to dramatically decrease ﬁbrinogen adsorption,
ith hydrophobic KMPR showing a slightly better blocking efﬁ-
iency with a simpliﬁed passivation protocol. These results indicate
hat BSA-passivated KMPR is a good choice of material for fab-
icating microﬂuidic structures in miniaturized biosensors where
emocompatibility is required, allowing lab-on-a-chip designers to
[are (control) and BSA-passivated (BSA) KMPR - “BSA US” indicates BSA-passivated
d error of the mean). (A) Bulk reﬂectance change between DI-water and PBS, before
. (B) Fibrinogen surface coverage  calculations (Eq. (3)).
take advantage of the superior material properties of KMPR com-
pared to SU-8 for microﬂuidic device fabrication. The static ﬂuidic
conditions used in the present study are well suited for endpoint
adsorption measurements. Further work will evaluate the robust-
ness of the BSA passivation both under dynamic ﬂow conditions to
study the effects of shear stress and viscous effects, as well as with
plasma and whole blood.
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